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Abstract
How do age-related changes affect the sense of body ownership? This study tackles this
issue by means of the rubber hand illusion (RHI), a widely used experimental tool for investi-
gating the sense of body ownership. There is ample literature on the RHI in young popula-
tions, but research on age-related changes in the RHI is still scarce. Here we extend the use
of the RHI to examine the changes in the sense of body ownership related to healthy aging.
Subjective reports (i.e., questionnaire) and proprioceptive drift were compared among
young (n = 22, age range 20–22 years), middle-aged (n = 22, age range 44–55 years), and
older adults (n = 22, age range 60–72 years). A stronger subjective experience of illusion
was observed in the young and older adults as compared to the middle-aged. No differences
in proprioceptive drift were found between the three groups. These findings are discussed in
relation to: 1) different stages of development of perceptual and cognitive components of
the sense of body ownership, and 2) compensatory mechanisms.
Introduction
Sociologist Bryan S. Turner wrote: “There is an obvious and prominent fact about human
beings: They have bodies and they are bodies” [1] (1984). This observation aptly conveys the
concept of the “bodily self”, according to which our sense of the self is intimately linked to the
body [2, 3]. One fundamental dimension of the bodily self is the sense of body ownership,
which refers to the experience of “my body as mine” [3]. This cognitive construct relies on the
multisensory integration of afferent sensory information (e.g., visual, tactile, proprioceptive,
interoceptive, vestibular, and auditory stimuli) arising within the body itself [4], as well as on
the coherence between this body-related information and pre-existing body representations
[5].
The cognitive and neural mechanisms of the sense of body ownership have been mainly
investigated in young individuals [4, 6, 7, 8], whereas less is known about this function in older
adults. Ageing is an unavoidable process in living beings. In humans it is associated with
changes in the physical aspect of the body, like the appearance of wrinkles, grey hair or age
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spots. These changes are often associated with body dissatisfaction [9], but little is known
about whether they influence the bodily self. Investigating how age-related body changes inter-
act with the sense of the self, and specifically with the sense of body ownership, can extend our
knowledge about the factors that modulate the sense of body ownership and can open the way
to new important lines of research for promoting wellbeing in different stages of life. The aim
of this study was, therefore, to experimentally investigate the sense of body ownership in the
life span by applying a well-known paradigm, the rubber hand illusion (RHI) [10] to young,
middle-aged, and older participants.
In the RHI, synchronous strokes of a person’s own hidden hand and of a visible rubber
hand elicit the feeling that the rubber hand belongs to the person’s own body [10]. The RHI
paradigm allows to investigate both the subjective experience of feeling ownership over the
rubber hand and the proprioceptive relocation of the real unseen hand toward the viewed rub-
ber hand (i.e., proprioceptive drift). Previous studies have mapped these different aspects onto
two anatomically distinct neuronal substrates, with the ventral premotor cortex processing the
illusory feeling of ownership [6], whilst the inferior parietal lobule [7], right posterior insula,
frontal operculum [4], and cerebellum [6] process the drift. With increasing age, brain activity
in these areas changes [11, 12], probably modifying a individual’s response to the illusion.
Three recent studies tried to tackle the issue of age-related changes in the RHI [13, 14, 15].
Graham and colleague [13] used a modified version of the classical RHI paradigm (i.e., the
projected RHI) in a sample aged between 20 and 60 years old. The authors found a decreased
subjective feeling of ownership and a greater proprioceptive drift with increasing age. Similar
results were shared by another study using the classical RHI paradigm [14], in which the sub-
jective feeling of ownership decreased with age while proprioceptive drift remained stable.
Neither study, however, systematically addressed the three main stages of adult life, i.e., youth,
middle age, and older adulthood.
More recently, Palomo and collaborators [15] overcame this limit by applying the classical
RHI paradigm to these three different age groups. Though they found no age-related changes
in either the subjective experience of illusion or proprioceptive drift, it should be noted that
the subjective measure of the illusion was derived from a composite score of items assessing
different perceptual effects of the illusion. Hence, it is not clear whether potential age-related
changes in the subjective component of the RHI could be unmasked by keeping the items sep-
arated. Moreover, in that study only the synchronous stroking condition was applied, although
it is known that the illusion can be elicited also with asynchronous stroking [16].
In this regard there is a certain window of time in which different stimuli can be perceptu-
ally integrated even if they occur asynchronously. The time window of simultaneity influences
the tolerance to asynchronies in the RHI: the wider the time window of simultaneity, the stron-
ger the RHI in the asynchronous stimulation [16]. In the study by Palomo and colleagues [15]
only synchronous stimulation was used and the age-related effects specifically related to tem-
poral features of multisensory integration processes remained unexplored. By applying the
RHI with both synchronous and asynchronous stimulation to three different age groups
(young, middle-aged, and older adults), we wanted to determine whether the two subcompo-
nents of the sense of body ownership (i.e., subjective reports and proprioceptive drift) are
modified by ageing. Given the event of body changes, the progressive decline in brain struc-
tures with advancing age [17, 18, 19], and the possible differences in multisensory interactions
[20], our hypothesis was that ageing should undermine the illusion. Hence, we expected to
find a reduction in both subjective reports and proprioceptive drift in the older adults as com-
pared to the young and the middle-aged adults.
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Materials and methods
Participants
Computation of the sample size was performed with G-Power 3.1 [21]. Assuming an antici-
pated effect size equal to 0.2294 (derived from a medium partial eta square of 0.05 [22], an α
error probability of 0.05 and a power (1-β error probability) of 0.95, the resulting total sample
size is n = 54. We decided to recruit more participants to prevent any reduction in statistical
power due to potential drop-outs. Sixty-six participants were recruited through advertisements
at the University of Verona and were divided into three groups. Twenty-two young (13
females; mean age ± SD, 22.50 ± 2.09 years; range 20–25), 22 middle-aged (13 females; mean
age 50.18 ± 3.65 years; range 44–55), and 22 older adults (10 females; mean age 64.68 ± 4.03
years; range 60–72) took part in the study. Age ranges were defined according to published lit-
erature [23, 24]. All participants were right-handed with self-reported healthy neurological his-
tory and normal or corrected-to-normal vision. All subjects gave written informed consent in
accordance with the Declaration of Helsinki. The protocol was approved by the ethical com-
mittee of the University Hospital of Verona (CESC).
Procedure
All participants underwent the RHI paradigm in a single session lasting about 1 hour. The
experimental set-up consisted of two adjacent black boxes (18 x 29 cm each) placed on a table
in front of the participant. A realistic artificial hand (i.e., left or right) was placed inside one
box and the participant’s hand was positioned inside the other box. The distance between the
index fingers of the participant’s own and the rubber hand was set at 20 cm and was constantly
controlled throughout the experiment (Fig 1).
The rubber hand and the participant’s hand were stroked with two small paintbrushes
either synchronously or asynchronously. During the stroking, the participants were asked to
look at the rubber hand. A 2x2 experimental design was used, with two stroking modalities
Fig 1. Experimental set-up and events sequence. The participant sat at a table with the forearm hidden from view and
placed inside a box. Before stroking, the participant judged the felt position of her own index finger by means of a
ruler. After making a proprioceptive judgment, the rubber hand was made visible and stroked synchronously or
asynchronously with the participant’s hidden hand for 2 min. After stroking, the participant was again asked to judge
the position of her index finger. Finally, the participant filled in the RHI questionnaire. This sequence was the same for
synchronous and asynchronous stroking of the right and the left hand, thus resulting in a total of 4 conditions.
https://doi.org/10.1371/journal.pone.0207528.g001
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(synchronous, asynchronous) and two tested hands (left, right), for a total of 4 conditions with
counterbalanced order across participants. To avoid fatigue and learning effects, one stroking
trial of 2 minutes was performed in each condition. When the experimenter had to change the
tested hand (from right to left or vice versa), the participants were asked to briefly close their
eyes to avoid direct observation of the procedure until the rubber hand was placing in the box.
They could then open the eyes and place their own hand into the other box. The experimenter
again arranged the participant’s hand 20 cm from the rubber hand.
The subjective experience of the illusion was measured by means of a 9-statement question-
naire [10]. Based on the feelings elicited during the stroking phase, the participants rated their
agreement or disagreement with each statement on a rating scale from 0 (“I totally disagree”)
to 10 (“I totally agree”). The first three statements (experimental statements) usually receive
higher scores after synchronous stroking and are therefore considered as being the most sensi-
tive to capture the illusory embodiment of the rubber hand (i.e., incorporating the rubber
hand in pre-existing representations of the body) [25]. More precisely, each statement
describes different perceptual effects related to the embodiment of the rubber hand. Statement
1 (S1: “It seemed as if I felt the paintbrushes touching my finger where I saw the rubber hand
being touched”) refers to an illusory localization of the touch over the artificial hand; State-
ment 2 (S2: “It seemed like the touch I felt was caused by the paintbrushes touching the rubber
hand”), refers to a causal link between vision and touch; Statement 3 (S3: “I felt as if the rubber
hand was my own hand”) refers to the illusory feeling of ownership over the rubber hand.
The other six statements (control statements) describe other perceptual effects that are less
or not related to the illusory embodiment of the rubber hand. These statements serve as con-
trol for compliance, since they usually receive lower agreement scores than the experimental
statements.
The illusion was also measured by means of proprioceptive drift, which can be defined as a
recalibration of the perceived position of the participant’s own hand toward the rubber hand.
To obtain this measure, before and after each stroking phase the participants were asked to
verbally indicate the perceived position of their index finger with respect to a ruler placed in
front of them. The starting position of the ruler was changed trial by trial in order to avoid
response bias. During this procedure, the real and the artificial hands were hidden from the
participant’s view by closing the boxes. Proprioceptive drift was computed by subtracting the
estimation of finger positions before and after the stroking phase. Proprioceptive drift usually
occurs after synchronous but not asynchronous stroking [5, 10].
Data analyses
Age and gender distributions were analyzed by means of independent samples t-test and chi-
squared, respectively.
Data were first checked for normality using the Shapiro-Wilk test (p>0.05). Since the data
were not normally distributed, statistical analyses were performed using nonparametric tests.
Data are represented as box plots displaying the median values. Outlier values (represented in
the box plots) were included in the analysis.
Preliminary analyses were carried out to verify whether subjective scores for the question-
naire statements and proprioceptive drift were affected by hand laterality in the overall sample
(n = 66). To this aim, the Wilcoxon signed rank test was used for comparisons between the left
and the right hand.
The subjective scores for questionnaire items and proprioceptive drift were then further
analyzed in two steps. First, the RHI was analyzed within each group. The synchronous and
asynchronous stroking conditions within each group were compared using the Wilcoxon
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signed rank test. Second, the RHI was analyzed between groups. The between-group differ-
ences in the synchronous and asynchronous stroking conditions were analyzed by means of
the Kruskal-Wallis test. Post-hoc comparisons were performed using the Mann-Whitney
U-Test. P values <0.05 were considered statistically significant. Bonferroni correction was
applied where necessary.
Results
The independent samples t-test confirmed that the three groups differed for age (for all com-
parisons, p<0.001). No differences were found for gender distribution (all, p>0.371). The illu-
sion was similar for the right and the left hand: no differences in the subjective scores for the
questionnaire items (for all comparisons, p>0.151) except for S2 in the asynchronous stroking
condition (p = 0.043). Moreover, no differences between hands were found for proprioceptive
drift (for all comparisons, p>0.055). Accordingly, the hypothesis of a potential effect of lateral-
ity in the amount of illusion (as assessed by both the questionnaire and proprioceptive drift) in
our sample was rejected. The subjective scores and proprioceptive drift obtained from the left
and right hands were averaged together and entered in the main analyses.
The rubber hand illusion within each group
In the young adults group, the subjective scores for the questionnaire were generally higher
after synchronous than asynchronous stroking, confirming the typical pattern observed in the
RHI paradigm. The effect of stroking was significant for the experimental statements strictly
related to the illusion (S1: Z = -4.077, p< 0.001, r = 0.869; S2: Z = -3.849, p<0.001, r = 0.821;
S3: Z = -3.657, p<0.001, r = 0.780) (Fig 2). A significant effect of stroking was observed also
for all control statements, except for S8 (S4: Z = -2.553, p = 0.011, r = 0.544; S5: Z = -2.139,
p = 0.032, r = 0.456; S6: Z = -3.280, p = 0.001, r = 0.699; S7: Z = -2.445, p = 0.014, r = 0.521; S9:
Z = -2.717, p = 0.007, r = 0.579).
Also, proprioceptive drift was significantly higher after synchronous than asynchronous
stroking (Z = -2.964, p = 0.003, r = 0.632) (Fig 3). Again, this result was in line with the typical
pattern observed in the RHI and confirmed the paradigm’s validity.
In the middle-aged group, the subjective scores for S1 and S2 were higher after synchronous
than after asynchronous stroking (S1: Z = -2.701, p = 0.007, r = 0.576; S2: Z = -2.937, p = 0.003,
r = 0.626). Conversely, no difference between stroking conditions was found for S3 (Z =
-1.226, p = 0.220), which specifically assesses the feeling of ownership over the rubber hand.
This new finding suggests that the subjective component of the illusion in the middle-aged
group does not follow the typical pattern. Significant differences between conditions were
found for control statements S4 and S7, which were rated higher after synchronous than after
asynchronous stroking (S4: Z = -2.665, p = 0.004, r = 0.568; S7: Z = -2.334, p = 0.020,
r = 0.498). Also proprioceptive drift was outside the typical pattern, as revealed by the lack of a
significant difference between stroking conditions (Z = -0.958, p = 0.338) (Fig 3). This suggests
that synchronous stroking in the middle-aged group did not induce a stronger recalibration of
the own hand than asynchronous stroking.
The older adults showed a pattern resembling that of the young adults: the experimental
statements were rated higher after synchronous than after asynchronous stroking (S1: Z =
-4.019, p<0.001, r = 0.857; S2: Z = -3.839, p<0.001, r = 0.840; S3: Z = -3.417, p = 0.001,
r = 0.729) (Fig 2). Moreover, higher scores were noted for some control statements after syn-
chronous stroking (S6: Z = -2.313, p = 0.021, r = 0.493; S7: Z = -2.493, p = 0.013, r = 0.532; S9:
Z = -2.351, p = 0.019, r = 0.501). Finally, as seen in the young adults group, the type of stroking
Age-dependent changes in the RHI
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influenced proprioceptive drift, as demonstrated by the greater drift after synchronous than
after asynchronous stroking (Z = -2.302, p = 0.021, r = 0.491) (Fig 3).
The rubber hand illusion between groups
The Kruskal-Wallis test revealed significant between-group differences in the scores for the
three experimental statements in the synchronous stroking condition (S1: χ2(2) = 14.098,
p = 0.001; S2: χ2(2) = 13.136, p = 0.001; S3: χ2(2) = 20.380, p<0.001). Post-hoc comparisons
(critical p�0.016 after Bonferroni correction) revealed that this difference was due to higher
scores in the young and the older adult groups versus the middle-aged group (young adults vs.
middle-aged: S1: Z = -3.277, p = 0.001, effect size = 0.250; S2: Z = -3.430, p = 0.001, effect
size = 0.267; S3: Z = -4.624, p<0.001, effect size = 0.486; older adults vs. middle-aged: S1: Z =
-3.182, p = 0.001, effect size = 0.230; S2: Z = -2.777, p = 0.005, effect size = 0.175; S3: Z =
-2.516, p = 0.012, effect size = 0.144) (Fig 2A, 2B and 2C). These findings suggest that the sub-
jective components of the illusion were reduced in the middle-aged group as compared to the
Fig 2. Boxplot of the scores for the experimental statements in the young, middle-aged, and older adult groups. In the
synchronous stroking condition (gray columns), scores for all experimental statements were higher in the young and the
older adult groups than in the middle-aged group. This pattern qualitatively describes a characteristic U-shape of the
illusory embodiment of the rubber hand across different stages of life. Between-group differences were found also for the
asynchronous stroking condition (gray-striped columns) at statements 2 and 3. The scores for these statements were
higher in the young adult group than in the other two groups. �Significant values (p<0.05); ˚outliers (e.g., values falling
between 1.5 and 3 times above or below the interquartile range); # extreme outliers (e.g., values more than three times
above or below the interquartile range). Red bars represent median values.
https://doi.org/10.1371/journal.pone.0207528.g002
Fig 3. Boxplot of proprioceptive drift in the young adults, middle-aged, and older adults groups. Proprioceptive drift was similar between groups in both the
synchronous (gray columns) and the asynchronous (gray-striped columns) stroking conditions, suggesting that age does not affect the illusory displacement of the real
hand towards the rubber hand. ˚Outliers (e.g., values falling between 1.5 and 3 times above or below the interquartile range); # extreme outliers (e.g., values more than
three times above or below the interquartile range). Red bars represent median values.
https://doi.org/10.1371/journal.pone.0207528.g003
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other two groups. Between-group differences emerged also after asynchronous stroking at S2
(χ2(2) = 13.136, p = 0.013) and S3 (χ2(2) = 14.751, p = 0.001). Post-hoc comparisons revealed
that in the asynchronous condition the young adults gave higher scores to S2 than the older
adults (Z = -2.551, p = 0.011, effect size = 0.148) and that they gave higher scores to S3 than
either the middle-aged (Z = -3.369, p = 0.002, effect size = 0.258) or the older adults (Z =
-3.257, p = 0.001, effect size = 0.241) (Fig 2B and 2C).
Significant between-group differences were also observed for S7 in both stroking conditions
(synchronous: χ2(2) = 9.010, p = 0.011; asynchronous: χ2(2) = 12.476, p = 0.002). Post-hoc
comparisons showed that the young adults gave higher scores than the middle-aged group
after synchronous stroking (Z = -3.254, p< 0.001, effect size = 0.241), whereas after asynchro-
nous stroking they gave higher scores than either the middle-aged (Z = -2.866, p = 0.004, effect
size = 0.187) or the older adults (p = 0.003). Finally, no between-group difference was found
for proprioceptive drift (synchronous: Z = 0.506, p = 0.777; asynchronous: Z = 4.649,
p = 0.098) (Fig 3).
Discussion
This study investigated age-related changes in the sense of body ownership by means of the
RHI. Though there is copious literature about the sense of body ownership in young popula-
tions, little is known about the changes that this function undergoes in other stages of life (e.g.,
middle and older age). By applying the RHI to participants from three age groups (young, mid-
dle-aged, and older adults), we discovered that the subjective component of body ownership
seems to follow a U-shape. These findings could suggest for the first time that the mechanisms
underlying the illusory embodiment of the rubber hand (supposedly multisensory integration
and flexibility of body representations) may change across the human life span, with higher
illusion noted in young and older adults as compared to the middle-aged.
Subjective experience of body ownership traces a U-shape across the life
span
Questionnaire data showed high variability, indicating individual differences in susceptibility
to the illusion [26, 27, 28]. Despite this variability, a consistent pattern could be discerned. The
experience of the illusion as measured with the questionnaire differed between the three
groups. Both the young and the older adults rated all three illusion-related statements (S1, S2,
and S3) higher after synchronous than after asynchronous stroking. The middle-aged group
presented with a slightly different pattern of responses, with higher scores given for S1 and S2
but not for S3 after synchronous as compared to asynchronous stroking. These findings go
against our initial hypothesis of a progressive reduction of the RHI with age. Of note, S1, S2,
and S3 refer to different dimensions of embodiment [29]: while S1 (“It seemed as if I felt the
paintbrushes touching my finger where I saw the rubber hand being touched”) and S2 (“It
seemed like the touch I felt was caused by the paintbrushes touching the rubber hand”) are
related to the localization of touch, S3 (“I felt as if the rubber hand was my own hand”) is more
specifically related to the feeling of ownership over the rubber hand [29]. Localizing touch and
feeling ownership involve different underlying mechanisms [30]. While localizing touch over
the rubber hand (S1 and S2) mainly relies on the temporal congruency between visual and tac-
tile stimuli, feeling ownership (S3) requires additional processing to verify whether the incom-
ing body-related information is coherent with the inner representations of body appearance
(the body image) [5, 31]. Our findings suggest that multisensory integration of conflicting
visuo-tactile information was still possible to some extent in the middle-aged group, whereas
the integration of an external object into the body representation did not fully occur.
Age-dependent changes in the RHI
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Conversely, the young and the older adults experienced both the localization of touch (S1 and
S2) and the feeling of ownership (S3) after synchronous stroking. These findings hint at an
effective multisensory integration of conflicting visual, tactile, and proprioceptive information
and at a flexible representation of the body, which allows for full incorporation of the rubber
hand into the internal body model, thus leading to the feeling of ownership.
Other studies have found similar behavioral performance between young and older adults
and have explained it in terms of compensatory brain activity occurring with age [11]. For
instance, a previous study demonstrated that although behavioral performance on a motor
task was similar for young and older adults (i.e., sequential finger movements), the older adults
presented with different activations in specific brain regions [11]. As compared to the young
adults, activation in the bilateral premotor cortices and the anterior parietal area was higher in
the older adults in which additional recruitment of the posterior parietal cortex was also noted
[11]. Interestingly, these brain areas are involved in different components of the RHI: the pre-
motor cortex (especially in its ventral part) is associated with the subjective feeling of owner-
ship [6, 32], whereas the posterior parietal cortex seems to be involved in proprioceptive drift
[7]. Both areas have important roles also in the multisensory integration of visual and tactile
stimuli [33, 34]. Moreover, the anterior parietal area is involved in the comparison between
the current state of the body and the postural and anatomical features of the body part to be
incorporated [4, 35]. Although different tasks were used in our and in the previous study [11],
we could speculate that the older adults performed similarly to the young adults by virtue of
compensatory mechanisms in brain regions involved in the RHI. This assumption, however,
needs to be investigated in future studies.
On comparing the three groups, we found that the young and the older adults rated S1, S2,
and S3 higher than the middle-aged group after synchronous stroking, indicating that they
experienced the illusory localization of touch and the feeling of ownership over the rubber
hand more vividly than the middle-aged group. The lack of differences between the young and
the older adults suggests that the two groups experienced the illusion very similarly. These
findings contrast with a recent RHI study that reported no age-related differences in the sub-
jective experience of ownership [15]. This discrepancy might be explained by methodological
differences. Palomo and collaborators [15] computed the body ownership score as the average
of five different items and the localization of touch as the average of two different items.
Hence, merging different items into single composite scores could have masked age-related
differences in specific perceptual effects related to the illusion. Differently, we analyzed
between-group differences by separately focusing on the perceptual effects of the illusion. This
allowed us to show for the first time that very specific subjective components of the sense of
body ownership change across different ages. Qualitatively, these changes form a U-shape,
with a reduced RHI for the middle-aged compared to the other groups and a similar pattern
shared by the young and the older adults. This peculiar pattern of responses could be inter-
preted as a behavioral consequence of the development of perceptual and cognitive functions
related to the sense of body ownership.
With regard to perceptual functions, multisensory integration is crucial in the RHI, as the
paradigm involves the ability to integrate visual input with tactile and proprioceptive input.
And while the multisensory information in the RHI is correlated in the temporal domain (i.e.,
the illusion occurs when visual and tactile inputs are synchronous), the same sensory inputs
are actually separated in the spatial domain (i.e., the visual input comes from the rubber hand,
whereas the tactile and proprioceptive input comes from the person’s own hand). Typically,
both temporal and spatial contingencies between stimuli determine a higher probability that
multisensory inputs are bound together [36, 37]. Hence, the stronger RHI found in the young
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and the older adults suggests that, despite being spatially separated, the visual and tactile inputs
were more successfully bound together in both these age groups.
Although multisensory integration is the main cause of the illusion [3], it is not sufficient
per se to evoke the illusory embodiment of the rubber hand. Perceiving the rubber hand as
belonging to one’s own body requires additional top-down cognitive processing to verify
whether the multisensory information is coherent with pre-existing representations of the
body [5]. The feeling of ownership over the rubber hand arises only if the multisensory percept
derived from synchronous stroking of the participant’s hand and the rubber hand is admitted
to be part of the body representation. This requires some degree of plasticity of body represen-
tation [31], which is reflected in the individual’s response to the RHI [38].
The lower illusory embodiment of the rubber hand in the middle-aged group suggests a
reduced flexibility of body representation as compared to the other two groups. Since both
young and older adults are at a time in life when they face greater changes in physical appear-
ance than during middle age, they may well require more flexibility of body representation to
maintain a coherent sense of self [39]. Several RHI studies found a strong illusion in young
adults [4, 29, 30], indicating high malleability of body representation at this stage of life. Con-
versely, future studies are needed to examine the flexibility of body representation in older
adults.
Stability of proprioceptive drift across ages
The young and the older adults gave similar responses for proprioceptive drift, with higher
drift noted after synchronous than asynchronous stroking. In both groups, synchronous strok-
ing also evoked a shift in the perceived position of the subject’s own hand toward the rubber
hand.
Conversely, no differences in proprioceptive drift after synchronous and asynchronous
stroking were noted for the middle-aged group in which we observed a dissociation between
subjective reports (i.e., Statements 1 and 2) and proprioceptive drift. Indeed, while synchro-
nous stroking was able to elicit a subjective experience of localizing touch over the artificial
hand, it did not successfully determine a sensitive increase in the displacement of the subject’s
own hand toward the rubber hand. This observation is in line with previous studies that found
a dissociation between proprioceptive drift and subjective reports of illusion [40, 41, 42, 43].
Since the subjective experience of localizing touch over the rubber hand relies mainly on
visuo-tactile integration, whereas proprioceptive drift relies on visuo-proprioceptive informa-
tion, these findings might suggest that the middle-aged participants were more resistant to
integrating visual and proprioceptive information conflicting with visuo-tactile information.
We noted a similar dissociation between subjective reports and proprioceptive drift also in
the between-group comparisons. Although we did find significant between-group differences
in the subjective reports (i.e., questionnaire), no group effect was seen for proprioceptive drift
after either synchronous or asynchronous stroking. Again, this finding contrasts with our ini-
tial prediction of a progressive reduction of the illusion with age, suggesting that propriocep-
tive drift remains stable from young to older adulthood. Interestingly, a previous study
demonstrated that by 10 years of age the proprioceptive drift reaches the adult level [44]. Our
study extends these findings by suggesting that proprioceptive drift remains stable also in mid-
dle-age and older adulthood.
Finding contrasting results between the questionnaire ratings and the proprioceptive drift
is not new. Indeed, subjective reports of the illusion and proprioceptive drift have often been
found to dissociate. Evidence for this dissociation comes from previous studies demonstrating
a shift in the perceived position of the participant’s hand toward the rubber hand even in the
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absence of a subjectively reported feeling of ownership, and vice versa [40, 41, 42, 43]. These
findings suggest that the proprioceptive drift and the subjective feeling of ownership are differ-
ent, independent processes. Moreover, a study investigating the relationship between hand
position sense and the rubber hand illusion, demonstrated that the proprioceptive drift might
be strongly affected by the manipulation of hand position without influencing the subjective
feeling of ownership as measured by the questionnaire [40]. These evidence rise against a
causal role of the proprioceptive drift in the illusory feeling of ownership [40], thus questioning
its use as measure of ownership in the rubber hand illusion [40, 41, 42, 43].
Other perceptual effects evoked by the RHI paradigm
The higher scores for S2 and S3 noted also after asynchronous stroking in the young adults
suggest that the asynchronous presentation of visual and tactile stimuli evoked a stronger illu-
sion than in the other two groups. A recent study showed that the RHI can be evoked even in
the asynchronous condition and that the degree of asynchrony tolerated in the RHI depends
on the individual window of time in which multisensory integration can occur [16]. More pre-
cisely, individuals with a larger temporal binding window showed stronger illusion after asyn-
chronous stimulation [16]. Our findings suggest that the temporal binding window was larger
in the young adults, allowing them to better tolerate asynchrony in the RHI.
The control statements also received some degree of attention. Although the median scores
were very low (for all groups and conditions, median values <5), some were higher after syn-
chronous than after asynchronous stroking for the young (i.e., S4, S6, S7, and S9), the middle-
aged (i.e., S7), and the older adults (i.e., S6, S7, and S9). These results suggest that all partici-
pants were sensitive to other perceptual effects related to synchronous stimulation, such as
feeling their own hand shifting towards the rubber hand (S4) and perceiving similarity
between their own and the rubber hand (S7, S9). Between-group differences were noted for S7,
with higher scores observed in the young adults after synchronous and asynchronous stroking
as compared to the middle-aged and the older adults. In fact, Statement 7 refers to a sensation
(“It felt as if my hand were turning rubbery”) that has been associated with embodiment of the
rubber hand [29]. The illusory effects were more pervasive in the young adults than in either
the older or the middle-aged adults.
Conclusions
Ageing is an unavoidable process in living beings. Age-related changes are often associated
with body dissatisfaction [9]. As they can influence socialization, understanding how age-
related body changes interact with the sense of the self is crucial for promoting wellbeing in
different stages of life. Little is known about the mechanisms underlying the relationship
between ageing and the self. Our study sheds new light on this topic by focusing on the age-
dependent changes in the sense of body ownership. Like the young adults, the older adults pre-
sented with higher flexibility of body representation as compared to the middle-aged. More-
over, the physiological decline of the sensory system notwithstanding, the older adults were
noted to preserve the ability to integrate bodily-related information in a coherent percept. By
contrast, the middle-aged adults were more resistant to the body ownership illusion, suggest-
ing a higher stability of body representation compared to both the young and the older adults.
Since we used the RHI paradigm, these findings are limited to the embodiment of one body
part (e.g., the hand), which is not as salient in the evaluation of body appearance as the whole
body [45]. A future area of focus would be to address age-related changes in other types of illu-
sion, such as the full-body illusion [46], which may be more closely related to body
appearance.
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